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The  performance  of  PVdF  macroporous  separators  used  in  lithium  battery  at  high  charge  rates  was  eval¬ 
uated  using  Li4Ti50i2  and  LiMn204  as  negative  and  positive  electrodes  respectively.  The  effects  of  the 
non-solvent  used,  the  PVdF  concentration  in  the  good  solvent  and  the  thickness  of  the  swelled  membrane 
on  membrane  porosity  and  on  the  conductivity  of  the  separator  +  liquid  electrolyte  were  evaluated.  The 
conductivity  decrease,  induced  by  the  porous  separator  introduction  and  separator  thickness  influence 
notably  battery  performance  for  high  charge  rate. 

©  2008  Elsevier  B.V.  Ah  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  are  currently  used  in  a  range  of  portable 
electronic  devices.  To  expand  the  application  field  of  the  lithium- 
ion  battery,  an  improvement  in  high  charge  rate  capability  is 
needed.  The  rate  capability  limitation  of  lithium-ion  batteries  is  a 
result  of  several  factors,  namely  the  solid  state  diffusion  of  lithium 
ions  [1],  the  charge  transfer  kinetics  reaction,  the  concentration 
gradient  in  the  electrolyte  (bulk  electrolyte,  porous  electrode),  the 
ionic  conductivity  in  the  electrolyte  or  in  the  electrode  or  the  elec¬ 
trode  electronic  conductivity.  All  these  processes  could  be  limiting 
processes  [2,3].  Furthermore,  the  limiting  processes  depend  on  the 
charge  and  discharge  rates  during  the  cycling  test.  Solid  state  dif¬ 
fusion  of  lithium  in  active  materials  has  been  improved  by  using 
nanostructured  lithium  intercalated  compounds  [4]  and  through 
well-adapted  electrode  design  [3].  The  influence  of  the  morphol¬ 
ogy  of  the  commercial  separator,  i.e.  polyolefin,  on  high  charge 
rate  performance  has  been  evaluated  [5].  Most  of  the  commercial 
porous  separators  induced  a  sharp  decrease  in  the  conductivity  of 
the  liquid  electrolyte.  The  MacMullin  number  multiplied  by  the 
separator  thickness  seems  to  be  a  relevant  indicator  for  defining 
a  good  electrolyte  adapted  to  high  charge  rates  [5]. 
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Poly(vinylidene  fluoride),  PVdF,  is  a  commercially  available 
fluoropolymer.  The  advantage  of  PVdF  macroporous  separators 
compared  with  polyolefin  separators  is  their  good  ability  to  be 
wetted  by  organic  solvents  and  their  ability  to  enable  good 
electrode/electrolyte  contact.  PVdF  membranes  were  intensively 
studied  as  electrolyte  for  lithium  battery.  Appetecchi  et  al.  [6-8] 
studied  the  use  of  PVdF  copolymers  as  electrolyte  for  lithium  bat¬ 
tery;  good  performance  in  term  of  conductivity  was  obtained. 

Tarascon  et  al.  [9]  using  an  innovative  technology  based  on  lam¬ 
ination  of  fluorinated  copolymers,  manufactured  “plastic  recharge¬ 
able  Li-ion  batteries”,  claimed  for  a  plastic  LiMn204/graphite  bat¬ 
tery,  specific  and  volumetric  energies  of  respectively  llOWhkg-1 
and  280  Whl-1  and  a  lifespan  >2000  cycles  at  25  °C  (rate:  1C).  Du 
Pasquier  et  al.  [10]  reported  the  performances  of  LiMn204/graphite 
batteries  of  35  and  115  mAh,  based  on  PVdF-HFP  macroporous  sep¬ 
arator.  The  capacity  retention  of  the  35  mAh  at  a  C/2  rate  and  at 
room  temperature  ranges  between  80%  and  70%  after  500  cycles. 

Macroporous  PVdF  membranes  are  generally  prepared  by  an 
immersion-precipitation  technique,  in  which  a  PVdF  solution¬ 
casting  him  is  immersed  in  a  precipitation  bath.  For  a  crystalline 
polymer  such  as  PVdF,  the  precipitation  process  may  be  governed  by 
either  crystallization  or  liquid-liquid  demixing,  depending  on  the 
harshness  of  the  coagulation  bath  [11  ].  The  preparation  parameters 
can  be  adjusted  to  yield  a  wide  variety  of  membrane  morpholo¬ 
gies. 

Graphite  has  been  largely  used  as  an  anode  in  lithium-ion  bat¬ 
teries.  While  graphite  can  be  used  for  high  discharge  rates,  it  is 
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not  recommended  for  high  charge  rates.  Indeed,  at  high  charge 
rates,  metallic  lithium  deposits  have  been  observed  on  the  graphite 
surface,  leading  to  dendrite  formation.  The  dendrites  can  grow 
rapidly  through  the  macroporous  electrolyte,  and  induce  short 
circuits.  Li4Ti50i2  is  a  negative  electrode  material  that  can  be 
used  as  an  alternative  to  graphite  for  fast  charge  Li-ion  systems 
[12].  Furthermore,  Li4Ti50i2  electrode  has  a  potential  equal  to 
1.5  V  vs  Li/Li+,  potential  where  the  electrolyte  is  thermodynamic 
stable. 

This  paper  deals  with  the  evaluation  the  electrochemical 
behaviour  of  lithium  batteries  using  a  macroporous  PVdF  separa¬ 
tor  and  Li4Ti50i2  and  LiMn204  as  negative  and  positive  electrodes 
respectively  during  high  charge  rate  cycling  tests.  Indeed  at  classi¬ 
cal  charge  rates,  charge  rates  between  C/10  and  2C,  the  morphology 
of  macroporous  membrane  has  a  small  impact  on  the  capacity  val¬ 
ues.  The  impact  of  the  morphology  of  macroporous  PVdF  separators 

1. e.  porosity  amount,  thickness  on  the  electrochemical  behaviour 
at  high  charge  rate  cycling  tests  of  lithium  batteries  equipped  with 
such  separators  were  evaluated. 

2.  Experimental  details 

2.1.  Preparation  of  the  PVdF  macroporous  membrane 

The  thick  macroporous  PVdF  membranes  were  prepared  as 
follows:  PVdF  Solef®  6020  (Solvay)  was  dissolved  in  N-methyl-2- 
pyrollidone  (NMP)  at  60  °C  in  a  hermetically  sealed  vessel.  Indeed 
due  to  the  high  crystallinity  content  of  PVdF  homopolymer,  its  dis¬ 
solution  was  only  possible  at  high  temperature.  The  solution  was 
then  cast  using  a  coating  table  in  a  glove  box,  which  enabled  the 
film  thickness  to  be  controlled.  The  solution  was  then  put  imme¬ 
diately  into  a  precipitation  bath  for  a  few  minutes.  The  presence 
of  a  large  amount  of  non-solvent  involves  the  precipitation  of  the 
polymer  which  induces  the  formation  of  a  porous  structure.  The 
obtained  membrane  was  dried  at  55  °C  overnight,  then  at  120  °C  in 
vacuum  for  48  h  and  stored  in  glove  box. 

2.2.  Liquid  electrolyte 

The  experimental  liquid  electrolyte  was  LP30®  manufactured  by 
Merck.  The  electrolyte  used  was  a  molar  solution  of  LiPF6  in  a  1/1 
(in  weight)  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  car¬ 
bonate  (DMC).  The  electrolyte  was  stored  in  a  glove  box  under  dry 
argon.  The  macroporous  membranes  were  swelled  in  liquid  elec¬ 
trolyte  for  several  hours,  thus  the  membranes  were  placed  rapidly 
in  the  conductivity  cell,  and  a  small  amount  of  liquid  electrolyte 
was  added  in  order  to  fill  the  porosity. 

2.3.  Electrode 

The  positive  electrode  consisting  of  a  manganese  spinel 
(LiMn204)  was  a  commercial  grade  electrode  purchased  from 
Erachem.  The  insertion  potential  of  this  material  is  4.1  V  vs  Li/Li+ 
and  its  specific  capacity  is  120  mAh  g-1  [13].  The  intercalated 
material  for  the  negative  electrode  was  a  home-made  lithiated  tita¬ 
nium  oxide  Li4Ti50i2  with  a  lithium  insertion  potential  of  1.55  V 
vs  Li/Li+  and  a  specific  capacity  equal  to  160  mAh  g-1  [14].  The 
composite  electrodes  were  prepared  by  blending  Li4Ti50i2  and 
LiMn204  powder  with  6%  acetylene  black,  6%  fibrous  carbon  and  6% 
poly(vinylidene  fluoride)  (Solef®  1015,  Solvay).  The  current  collec¬ 
tor  was  20  |jim  thick  aluminium  foil.  The  thicknesses  of  the  coating 
of  the  electrodes  were  14  and  80  pum  for  the  negative  and  pos¬ 
itive  electrodes  respectively.  The  area  capacity  densities  were  2 
(±0.1)  mAh  cm-2  and  0.4  (±0.05)  mAh  cm-2  for  the  positive  and 
negative  electrodes  respectively.  The  area  capacity  density  of  each 


cell  was  determined  with  good  accuracy;  measurement  precision 
was  about  3%.  Electric  percolation,  porosity  volume  and  adhesion 
of  the  electrodes  to  the  aluminium  foil  were  achieved  by  compres¬ 
sion.  The  resulting  electrodes  were  dried  under  vacuum  at  80  °C  for 
48  h. 

2.4.  Nonlinear  mechanical  properties 

Nonlinear  mechanical  properties  were  studied  by  tensile  tests 
performed  with  an  Instron  4465  Machine  equipped  with  a  thermo 
regulated  chamber.  The  sample  section  was  2  mm  x  35  mm.  Exper¬ 
iments  were  carried  out  at  20  °C.  The  stretching  was  performed  at 
a  constant  crosshead  speed  of  1  mm  min-1. 

2.5.  Ionic  conductivity  measurements 

Conductivity  measurements  were  carried  out  in  CR2032  coin 
cells  assembled  and  sealed  in  a  glove  box  under  dry  argon  (<2  ppm 
H20).  The  metallic  components  were  dried  under  vacuum  at  120  °C 
for  48  h.  Blocking  electrodes  were  made  from  16  mm  diameter 
stainless  steel.  The  cell  constant  was  determined  with  good  accu¬ 
racy  using  KC1  solution  in  Viledon®  separator  and  was  found  to  be  in 
accordance  with  the  electrode  area  and  the  thickness  of  the  sample. 
This  cell  constant  was  used  to  determine  the  real  area  of  the  elec¬ 
trode;  the  thickness  was  determined  by  several  measurements  on 
the  macroporous  membranes.  All  measurements  were  performed  3 
times,  with  precision  of  about  15%,  using  impedance  spectroscopy 
over  the  frequency  range  1  FIz  to  1.3  MHz  with  ±10  mV  amplitude 
around  the  OCV,  using  a  Solartron  SI  1260  analyser  equipped  with 
a  Solartron  SI  1287  interface.  One  impedance  spectrum  limited  to 
the  high  frequencies  is  given  in  Fig.  1 . 

2.6.  Cycling  test 

The  cycling  tests  were  performed  on  an  Arbin®  multichannel 
system,  using  CR2032  coin  cells  first  sealed  in  a  glove  box  under 
dry  argon.  A  stainless  steel  disc  and  a  spring  ensured  the  cohesion 
of  the  system. 

The  cycling  tests  were  performed  in  galvanostatic  mode.  The 
cut-off  limits  were  related  to  the  voltage  of  the  battery:  2.9  V  in 


Fig.  1.  Impedance  spectrum  performed  on  macroporous  PVdF  membrane  swelled 
by  the  liquid  electrolyte  between  to  stainless  steel  electrodes. 
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charge,  1  and  1.5  V  for  high  or  low  discharge  rates  respectively. 
These  voltage  limits  were  used  to  prevent  over-discharge  and  over¬ 
charge.  The  charge/discharge  yield  was  close  to  100%  even  at  high 
charge  rates.  The  experiments  were  performed  several  times  for 
each  battery  and  each  charge  rate. 

3.  Results  and  discussion 

3.1.  Macroporous  structure  of  PVdF 

PVdF  membranes  were  prepared  by  an  immersion- 
precipitation  method.  The  precipitation  baths  consisted  of 
water,  ethanol  or  pentanol.  PVdF  may  be  precipitated  from  a  poor 
solvent  bath  by  either  liquid-liquid  segregation  or  crystallization 
to  produce  several  membrane  morphologies.  According  to  the 
Flory-FIuggins  description  of  polymer  solutions,  the  size  and 
location  of  the  demixing  gap  depends  on  the  molar  volumes  of 
the  components,  the  polymer-solvent  interaction  parameter,  the 
polymer-non-solvent  interaction  parameter  and  the  solvent-non¬ 
solvent  interaction  parameter.  The  effect  of  the  polymer-solvent 
interaction  on  the  structure  and  properties  of  the  membrane  has 
been  studied  [15,16].  It  is  generally  observed  that  the  lower  these 
interactions,  the  higher  the  rate  of  polymer  precipitation,  with 
the  formation  of  finger-like  structures.  The  polymer-solvent  and 
polymer-non-solvent  interaction  parameters  can  be  characterized 
with  the  Hansen  solubility  parameters.  The  more  similar  the 
polymer  and  the  solvent  structure  are,  the  closer  the  polymer  and 
solvent  parameters  are.  To  characterize  the  solvent/polymer  inter¬ 
action,  the  critical  solubility  radius  can  be  used  [17].  The  critical 
solubility  radiuses  are  16.8,  5.6  and  4.8  0  cm-3)1/2  for  respectively 
PVdF/water,  PVdF/ethanol  and  PVdF/pentanol.  The  greater  the 
critical  solubility  radius  is,  the  lower  the  solubility  is.  Boudin  et 
al.  [18]  determined  that  propylene  carbonate  was  the  worst  latent 
solvent,  with  a  solubility  radius  equal  to  4.78  0  cm-3)1/2.  Thus 
pentanol  is  very  close  to  the  PVdF  solubility  sphere  and  water 
is  a  very  poor  solvent  for  PVdF.  The  solvent-non-solvent  mutual 


diffusivity  also  has  a  big  impact  on  PVdF  macroporous  membrane 
structure  [15]. 

The  immersion  of  PVdF/NMP  solution  in  a  water  bath  induces 
a  very  rapid  precipitation  process  with  the  formation  of  an  asym¬ 
metric  porous  structure  i.e.  the  presence  of  a  skin  at  the  membrane 
surface  and  some  macrovoids  in  the  bulk,  in  accordance  with  the 
observations  made  by  Lin  et  al.  and  Bottino  et  al.  [11,15].  The 
liquid-liquid  phase  demixing  process  dominates  the  precipitation 
process  [11].  This  effect  may  be  related  to  the  high  critical  solu¬ 
bility  radius  of  PVdF/water.  The  presence  of  a  skin  on  the  porous 
membrane  induces  an  internal  resistance  increase  due  to  the  poorly 
conducting  surface  layer,  which  is  fatal  for  high  charge  rate  perfor¬ 
mance  of  batteries. 

In  order  to  obtain  a  soft  coagulation  bath,  ethanol  and  pentanol 
were  used  as  non-solvents.  The  precipitation  process  slows  down 
and  the  formed  membrane  demonstrates  a  mixed  morphology  fea¬ 
turing  both  liquid-liquid  demixing  and  a  crystallization  process, 
in  accordance  with  previous  studies  [11,19].  The  PVdF  morpholo¬ 
gies  obtained  with  these  two  solvents  are  very  similar,  the  porous 
structure  is  homogeneous  and  no  skin  is  observed  (Fig.  2). 

Using  ethanol  and  pentanol  as  non-solvents,  the  effects  of 
the  non-solvent  used,  the  PVdF  concentration  in  NMP  and  the 
thickness  of  the  swelled  membrane  on  the  conductivity  of  the  sep¬ 
arator  +  liquid  electrolyte  and  membrane  porosity  were  evaluated. 

Membrane  porosity  was  determined  using  the  weight  and  size 
of  the  sample  in  relation  to  the  density  of  the  PVdF.  The  mercury 
porosity  technique  was  used  to  determine  the  pore  sizes.  The  PVdF 
porous  membranes  obtained  in  ethanol  or  pentanol  present  a  broad 
distribution  of  pore  sizes,  with  a  median  diameter  of  10  fxm.  No 
pore  passes  through  the  membrane,  creating  a  tortuosity  and  lim¬ 
iting  the  transfer  of  electrode  particles  between  the  anode  and  the 
cathode.  Porosity  depends  on  both  the  PVdF  concentration  in  NMP 
and  the  nature  of  the  non-solvent.  The  experiments  performed 
with  the  same  experimental  parameters  show  good  reproducibility 
(Table  1 ),  the  reproducibility  was  confirmed  by  two  series  of  mem¬ 
branes  (PVdF-1  and  PVdF-2,  PVdF-3  and  PVdF-4).  The  membranes 


Fig.  2.  Scanning  electron  microscopy  of  the  PVdF  macroporous  membrane  surface  (a)  ethanol  precipitation  bath  (b)  pentanol  precipitation  bath  (x5000). 


Table  1 

Thickness  and  porosity  of  PVdF  macroporous  separators.  Influence  of  process  parameters  on  the  macroporous  membrane  characteristics. 
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Table  2 

Mechanical  properties  of  PVdF  macroporous  membrane  and  Celgard®  2500. 


Thickness  (|jim) 

Porosity  (%) 

Breaking  nominal  stress  (MPa) 

Breaking  nominal  strain  (%) 

Celgard®  2500 

23  ±  2 

47  ±  8 

60  ±  10 

18  ±  0.6 

PVdF 

44  ±  5 

77  ±  1 

5  ±  1 

34  ±  0.5 

performed  with  the  same  experimental  conditions  i.e.  concen¬ 
tration,  thickness,  non-solvent,  present  the  same  thickness  and 
porosity  amount  (Table  1).  The  increase  in  PVdF  concentration 
induces  a  decrease  in  the  amount  of  porosity.  The  use  of  pen- 
tanol  as  a  non-solvent  induces  a  decrease  in  the  porosity  of  the 
PVdF  membrane  in  comparison  with  the  membrane  prepared  in 
the  ethanol  coagulation  bath  (Table  1 ).  The  membrane  obtained  in 
the  pentanol  coagulation  bath  (thickness  200  pm,  concentration 
13%)  presents  a  porosity  of  66%  whereas  the  porosity  of  the  mem¬ 
brane  obtained  in  the  ethanol  coagulation  bath  (thickness  200  pm, 
concentration  13%)  is  equal  to  76%.  The  increase  in  thickness  of 
the  swelled  membrane  has  no  effect  on  the  porosity  amount;  the 
only  effect  is  an  increase  in  the  thickness  of  the  dry  membrane 
obtained.  The  modification  of  the  polymer  concentration  in  solu¬ 
tion  and  the  non-solvent  use  permit  to  performed  macroporous 
membranes  with  similar  porosity  structure  (pore  size  and  shape) 
but  with  different  porosity  amount. 

Table  2  gives  the  mechanical  properties  of  PVdF  macroporous 
membrane  in  comparison  of  those  obtained  with  porous  Celgard® 
2500  membrane.  The  PVdF  macroporous  membrane  presents  lower 
mechanical  properties  than  Celgard®  2500,  with  a  breaking  nom¬ 
inal  stress  ten  times  lower.  Flowever,  the  macroporous  PVdF 
membrane  can  be  prepared  directly  on  the  electrode,  thus  the 
mechanical  properties  are  ensure  by  the  electrode. 

The  thermal  degradation  of  PVdF  starts  from  390  °C,  producing 
HF  by-product  [20].  It  is  in  addition  very  resistant  to  the  majority  of 
inorganic  acids,  halogens  and  oxidants.  DSC  shows  that  the  macro¬ 
porous  membrane  swollen  by  the  electrolyte  starts  to  melt  near 
80  °C.  For  the  macroporous  membrane  free  of  solvent,  the  melting 
point  is  much  higher  and  begins  at  140  °C.  The  plugging  up  of  the 
membrane  porosity,  which  occurs  at  80  °C  can  perform  a  beneficial 
shut  down  effect  as  in  polyolefin  separator. 

3.2.  Conductivity  characterization 

Porous  separators  prevent  shorts  but  they  decrease  the  ionic 
conductivity  of  liquid  electrolytes.  The  conductivity  measurements 
of  macroporous  membrane  swelled  by  the  electrolyte  were  per¬ 
formed  using  LP30®  liquid  electrolyte,  EC/DMC  (50/50  in  volume) 
1  M  LiPF6,  (<t0  =  9.8  mS  cm-1 ).  The  results  of  conductivity  are  shown 
in  Table  3.  The  shapes  of  the  conductivity  curves  for  the  liquid  elec¬ 
trolyte  alone  and  the  same  one  filling  the  macroporous  PVdF  are 
identical  at  room  temperature.  As  the  pores  were  interconnected, 
the  impedance  spectra  present  no  signature  associated  to  the  con¬ 
ductivity  of  the  dense  membrane  swelled  by  the  electrolyte  (Fig.  1 ). 
The  effective  way  for  the  conduction  is  defined  only  by  the  inter¬ 


Table  3 

Effective  conductivity,  MacMullin  number  and  tortuosity  of  LP30®  +  separator. 
<Xo  =  9.8  mS  cm-1  at  21  °C. 


Sample 

Porosity  (%) 

creff  (mS  cm-1 ) 

Nm 

t 

Nm  x  l 

PVdF-1 

66  ±3 

1.3  ±  0.1 

7.5  ±  0.5 

2.2 

315  ±  40 

PVdF-2 

68  ±  2 

1.2  ±  0.12 

7.7  ±  0.5 

2.3 

350  ±  44 

PVdF-3 

77  ±  3 

1.9  ±  0.12 

5  ±  0.4 

2 

220  ±  30 

PVdF-4 

76  ±  3 

2.1  ±  0.12 

4.7  ±  0.5 

1.9 

200  ±  30 

PVdF-5 

58  ±  2 

0.9  §  0.08 

10.7  ±  0.5 

2.5 

750  ±  50 

PVdF-6 

58  ±  2 

0.77  ±  0.08 

12.7  ±  0.7 

2.7 

470  ±  50 

PVdF-7 

66  ±3 

0.9  ±  0.08 

10.8  ±  0.5 

2.5 

380  ±  40 

connected  network  of  pores;  this  one  can  be  increased  by  a  ratio 
compared  to  the  geometrical  distance  between  the  two  measured 
electrodes.  Parameters  such  as  the  MacMullin  number  Nm  [21-22] 
and  tortuosity  r  [23]  are  used  to  characterize  this  behaviour.  Both 
are  defined  by  Eqs.  (1 )  and  (2). 


Nm  =  — 
aeff 


aeff  =  P0^2 


(1) 

(2) 


where  <70  is  the  conductivity  of  pure  liquid  electrolyte,  aeff  is  the 
conductivity  of  the  separator  +  liquid  electrolyte,  and  e  the  porosity 
ratio. 

The  MacMullin  numbers,  Nm,  are  between  4.7  and  13.  Nm  num¬ 
bers  are  associated  with  a  conductivity  decrease  related  (i)  to  the 
porosity  structure  and  (ii)  to  the  affinity  between  PVdF  and  the 
polar  electrolyte.  The  diffusion  coefficients  of  7Li  and  19F  were 
determined  by  Pulsed  Field  Gradient  spin  echo  NMR  at  30  °C  in 
the  liquid  electrolyte  and  in  the  PVdF  separator  +  liquid  electrolyte 
(Table  4).  The  experimental  conditions  are  described  elsewhere 
[24].  The  diffusion  coefficients  obtained  in  the  porous  membrane 
are  lowered  by  a  factor  close  to  1.5  than  the  corresponding  diffusion 
coefficients  obtained  in  the  liquid  electrolyte,  in  good  agreement 
therefore  with  those  obtained  by  Saunier  et  al.  [24].  This  mobility 
decrease  was  associated  with  solvent/PVdF  interaction;  the  sol¬ 
vent  mobility  decrease  induces  a  decrease  in  ionic  species  mobility. 
The  cationic  transference  number  t+,  calculated  from  the  diffusion 
coefficients,  t+  =  d^+Df  ,  in  the  macroporous  membrane,  is  equal 
to  that  obtained  in  the  liquid  electrolyte  free  of  separator,  t+  =  0.4. 
The  invariance  in  the  t+  value  may  be  associated  with  the  increase 
in  solvent  viscosity  which  affects  both  anion  and  cation  mobilities. 
Since  the  contribution  of  the  swollen  inter-pore  PVdF  to  the  conduc¬ 
tivity  of  the  macroporous  membrane  is  negligible  [24],  a  decrease 
in  the  effective  electrode  surface  area  may  occur.  Thus,  the  lower 
conductivity  value  is  related  to  (i)  the  decrease  in  diffusion  coeffi¬ 
cients,  (ii)  the  decrease  in  effective  electrode  surface  area  and  (iii) 
the  tortuosity  factor. 

The  best  conductivity  values,  which  were  obtained  with  the 
PVdF-3  and  PVdF-4  samples,  might  be  related  to  their  high  porous 
volume. 

The  highest  NM,  i.e.  lowest  conductivity,  was  obtained,  in  accor¬ 
dance  with  their  low  porous  volume,  for  PVdF-5  and  PVdF-6.  A  good 
correlation  can  be  seen  between  porosity  ratio  and  NM.  Thus  the  dif¬ 
fusion  coefficient  decrease  may  be  considered  as  almost  constant 
for  all  the  samples. 

The  tortuosity  values,  determined  using  Eq.  (2),  are  very 
close,  with  a  variation  between  1.9  and  2.7  for  all  the  sam¬ 
ples.  Tortuosity  allows  taking  into  account  the  impact  of  the 
porous  structure  and  porosity  amount  on  conductivity.  Since  all 
the  PVdF  macroporous  samples  present  near  the  same  poros- 


Table  4 

Self-diffusion  coefficients  of  lithium  and  anion  species  in  macroporous  PVdF  swelled 
by  liquid  electrolyte  and  in  liquid  electrolyte. 
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Cycle  number 

Fig.  3.  Changes  in  charge  and  discharge  capacity  during  charge-discharge  cycles  at 
25  °C  for  Li4Ti50i2/PVdF  + liquid  electrolyte/LiMn204. 

ity  structure,  a  small  dispersion  in  tortuosity  values  can  be 
obtained. 

The  MacMullin  numbers  obtained  with  PVdF  separators  are 
close  to  the  lowest  NM  values  obtained  with  Celgard®  and  Solupor® 
commercial  separators  [5].  The  good  conductivity  values  obtained 
with  PVdF  separators  can  be  associated  with  their  high  porosity, 
large  pore  diameter  and  the  good  wettability  of  PVdF  by  carbonate 
solvents.  The  calculation  of  the  polymer/solvent  interaction,  Xsp, 
defined  in  the  Flory-FIuggins  theory  [25]  allows  the  estimation  of 
the  affinity  between  a  polymer  and  a  solvent.  The  lower  the  Xsp  is, 
the  better  the  solvent  is.  Small  interaction  parameters  were  found 
for  DMC  and  EC,  Xsp  =  0.67  and  0.8  [26]  respectively.  This  clearly 
indicates  a  good  wettability  of  the  PVdF  macroporous  membrane 
by  the  mixture  DMC/EC. 

3.3.  Battery  characterization 

The  performance  of  the  secondary  batteries,  Li4Ti50i2/liquid 
electrolyte  +  PVdF  separator/LiMn204,  was  investigated  by  cycling 
tests  performed  at  different  charge  rates.  The  charge  rates  used 
were  between  C/10  and  20C.  In  Fig.  3,  changes  in  charge  and 
discharge  capacities  at  C/5  are  shown  in  relation  to  cycle  number. 
A  good  cycling  ability  is  obtained,  with  a  reversible  capacity  of 
168  mAh g-1  of  Li4Ti50i2  for  the  first  cycle  and  a  loss  of  10%  of 
the  capacity  over  500  cycles.  Even  at  high  charge  rate,  20C,  the 
reversible  capacity  is  high  (Fig.  4).  The  highest  capacity  obtained 
at  20C  charge  rate  is  equal  to  103  mAhg-1  (average  of  the  first  five 
cycles)  with  Li4Ti50i2/liquid  electrolyte  +  PVdF  separator/LiMn204 
battery. 


Fig.  4.  Specific  capacities  charged  at  20C  for  Li4Ti5  Oi2 /PVdF  +  liquid  electrolyte/ 
LiMn204  (first  cycle). 


Table  5 

Normalized  charge  capacity  for  high  charge  rate,  5C,  10C  and  20C.  The  normalized 
capacities  are  expressed  as  a  percentage  of  the  capacity  obtained  at  C/10  charge 
rate.  The  accuracy  of  the  experiments  was  determined  using  the  dispersion  of  the 
experimental  result  performed  on  several  cells. 


Sample 

Porosity  (%) 

5C  (%) 

10C(%) 

20C (%) 

PVdF-1 

66 

± 

3 

93 

85 

63 

PVdF-2 

68 

± 

2 

94 

87 

65 

PVdF-3 

77 

± 

3 

94 

86 

62 

PVdF-4 

76 

± 

3 

95 

86 

62 

PVdF-5 

58 

± 

2 

89 

76 

48 

PVdF-6 

58 

± 

2 

91 

78 

50 

PVdF-7 

66 

± 

3 

94 

87 

65 

Celgard®  2500 

53 

± 

2 

86 

77 

57 

Celgard®  2400 

31 

± 

4 

84 

68 

38 

Solupor®  10P05A 

78 

± 

2 

85 

76 

54 

To  better  compare  the  separators,  the  charging  capacities  were 
normalized  using  those  obtained  at  a  low  charge  rate,  C/10.  The 
results  are  presented  as  a  function  of  charge  rate  in  Table  5. 

For  charge  rates  up  to  5C,  the  electrochemical  performance  of  the 
different  batteries  is  roughly  similar,  in  soft  cycling  condition;  the 
separator  morphology  has  no  significant  effect  on  battery  perfor¬ 
mance.  Thus  the  ionic  mobility  in  the  electrolyte  (liquid  +  separator) 
cannot  be  identified  as  a  limiting  process. 

At  20C  charge  rate,  the  batteries  with  PVdF-5  and  PVdF-6  as 
separators  present  the  lowest  capacity  with  50%  of  the  capacity 
obtained  at  C/10  charge  rate.  These  results  are  in  agreement  with 
the  Nm  numbers.  Indeed  these  two  separators  present  the  highest 
Nm  numbers.  The  batteries  using  the  other  samples  as  separators 
exhibit  almost  the  same  capacity  at  20C  charge  rate.  The  battery 
with  PVdF-7  as  a  separator  exhibits  higher  cycling  performance  at 
20C  charge  rate  than  PVdF-5  and  PVdF-6  based  batteries,  despite  an 
Nm  number  equal  to  10.8.  This  result  may  be  explained  by  the  thick¬ 
ness  of  the  separator,  which  is  thinner  than  the  PVdF-5  separator, 
which  has  the  same  NM  number. 

Optimization  both  of  the  electrode  and  the  electrolyte  is  nec¬ 
essary  to  improve  high  charge  rate  performance.  For  a  given 
liquid  electrolyte,  the  separator  +  liquid  electrolyte  can  be  opti¬ 
mized  by  minimizing  separator  thickness  and  NM.  To  characterize 
this  behaviour,  Patel  et  al.  [22]  recommend  using  the  NM  x  l  factor, 
where  l  is  the  thickness  of  the  separator.  The  lowest  capacity  values 
at  20C  charge  rate  correspond  to  the  highest  NM  x  l  factor  (Table  5 
and  Table  3).  Thus  the  NM  x  l  factor  of  the  separators  seems  to  be,  in 
our  study,  a  relevant  indicator  for  defining  a  good  separator  for  use 
at  high  charge  rates,  the  number  NM  x  l  must  be  lower  than  400  p,m 
in  our  batteries  configuration. 

For  a  low  NM  x  l  value,  NM  x  l  <  400  p,m,  the  NM  x  l  factor  being 
irrelevant  in  the  evaluation  of  the  separator  electrochemical  perfor¬ 
mance.  It  might  be  assumed  that,  in  these  batteries,  the  limitation 
at  high  charge  rates  is  not  due  to  the  electrolyte  but  to  the  elec¬ 
trodes. 

The  highest  capacity  obtained  at  20C  charge  rate  is  equal  to 
103  mAh  g-1 ,  thus  13  mAh  g-1  higher  than  the  best  result  for  com¬ 
mercial  polyolefins  i.e.  90mAhg_1  with  Celgard®  2500,  using  the 
same  experimental  conditions  [5].  Furthermore,  the  lack  of  capac¬ 
ity  at  high  charge  rate  is  higher  with  commercial  separators  i.e. 
Celgard®  2500,  Celgard®  2400,  Solupor®  10P05A,  than  with  several 
PVdF  membranes  (Table  5). 

The  ohmic  drop,  associated  with  ionic  conductivity  and  thick¬ 
ness,  and  also  the  ion  concentration  gradient  might  exert  an 
influence  on  the  electrochemical  performance  of  the  battery  at 
high  charge  rates.  Indeed,  the  decrease  in  ionic  mobility  induces 
a  decrease  in  the  diffusion  coefficient  i.e.  the  Nernst-Einstein  rela¬ 
tion,  and  thus  an  increase  in  the  ion  concentration  gradient  and  a 
decrease  in  battery  performance  at  high  charge  rates. 
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4.  Conclusions 

PVdF  macroporous  separators  in  lithium-ion  batteries  were 
investigated  during  high  charge  rate  cycling  tests.  The  influence 
of  the  preparation  process  on  the  macroporous  PVdF  structure 
was  evaluated.  The  nature  of  the  non-solvent  is  a  parameter 
that  determines  the  membrane  structure.  The  macroporous  PVdF 
membrane  induces  a  decrease  in  the  conductivity  of  the  liquid 
electrolyte.  Thus,  the  decrease  in  conductivity  value  is  related  to 
the  decrease  in  diffusion  coefficients  and  the  amount  of  porosity. 
The  difference  in  conductivity  decrease  for  the  samples  tested  is 
largely  correlated  with  the  amount  of  porosity.  The  PVdf  macro¬ 
porous  separator  improves  the  high  charge  rate  performances  of 
Li4Ti50 12 /electro lyte/LiMn204  batteries  in  comparison  with  batter¬ 
ies  using  commercial  polyolefin  separators. 
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